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METHOD AND APPARATUS OF SYSTEM OFFSET CALIBRATION WITH 

OVERRANGING ADC 

Field of the Invention 

5 The present invention relates to analog-to-digital conversion, and, in 

particular, to a method and apparatus of system offset calibration using an overrangiiig 
analog^to-digital converter. , " ' 

' Background of the Invention 

An analog-to-digitarcon verier (ADC) system is conifigured to convert^a^^ 
10 analog input signal into a digital output signal. The ADC system comprises a 
• programmable gain amplifier. (P(jA) and aii analog-to-digital converter (ADC). The 
PGA is configured to adjust the amplitude of the analog iiiput signal to match the input 
signal level to the full signal range of the ADC. An offset may be preserit in the input, 
signal, while another offset may be caused by the PGA. These offsets may cause 
15 significant performance degradation in the ADC conversion process: 

; Figure 1 is a graphic illustration of a system transfer curve for an AI)G 
that includes a negative offset. The digital output code corresponds to zero when a 
voltage associated with the analog input signal is less than the rtiagnitude of the 
negative offset. As a result, codes are lost for. a "deadzone" portion of the transfer 
20 curve; . , 

Figure 2 is a graphic illustration of a system transfer curve for an ADC 
that iiicludes a positive offset. The digital output signal is clamped at a digital code that 
corresponds to a maximum code when the suni of the voltage that is associated with 
analog input signal and the offset exceeds the maximum range of the ADC. The digital 
25 ; output signal is saturated at the maximum code before the full voltage range of the 
analog iiiput signal cari be utilized such that the dynamic range of the ADC circuit is 
reduced. 
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Brief Description of the Drawings 

Non-limiting and non-exhaustive embodiment 
are described with reference to the following drawings. 

Figure 1 is a graphic illustration of a system transfer curve for am A 
5 that includes a negative offset. 

Figure 2 is a graphic illustration of a system transfer curve for an ADC 
that includes a positive offset. 

Figure 3 is a schematic illustration of an example embodiment of an 
ADC system, that is arranged in accord^mce with aspects of the present invent^ 
10 Figure 4 is a graphic illustration for an output range of an exa^ 

embodiment of an overranging ADC in an ADC system that is arranged in accordance 
, with aspects of the present invention. • . . • 

Figure 5 is a graphic, iUustr^tion for an oulput ran^ 
embodiment of an overranging ADC in an ADG. system that , is arranged in aiccordanpe 
15 with aspects of the present inventiori. . . 

Figure 6 is an illustration of an example embodiment of an overranging ► 
ADC that is arranged for operation in the ADC system of Figure 3. 

Figure 7 is an iUustration of an example embodiment of a 3.5 bit ADG 
that is arranged for operation in the ADC system of Figure 3 . 
20 Figure 8 A is an illustration of an example embodiment of a multiplying 

digital-toi^aiialog converter (MDAC) that is configured for operation iii the ADC system 
of Figure 3. 

Figure 8B is an illustration of an example eriibodimerit of the MD AC of 
Figure 8A during a sampling phase. 
25 Figure 8C is an illustration of an example embodiment of the MDAC of 

Figure 8 A during a holding phase. 

Figure s is a tabular illustration of values of reference voltages that are 
utilized by an example embodiment of an MDAC that is configured for operation in the 
ADC system of Figure 3. 
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Figure 10 is a graphical Ulustration of a residue curve for a 
embodiment of an MDAC that is configured for operation in the ADC system of Figure 
3. \ ' ; . ,, 

Figure 1 1 illustrates another exa^mple embodiment of an overranging 
5 ADC that is wanged for operation the ADC system of Figure 3. 

Detailed Description of the Preferred Embodiment 

Throughout the specification and claims, the following terms take the 
meanings explicitly associated herein, unless the context clearly dictates otherwise. The 
meanirigs identified below are not intended to limit the terms, but merely provide 

10 illustrative examples for the terins. The meaning of "a," "an," and "the" includes plural 
reference, the meaning of "in" includes "in" and "on." The term "connected" means a 
direct eleetrical connection between the items cbrmected, without any iiitermediate, 
devices. The term "coupled" means either a direct electrical connection between the 
items connected, or an indirect corinection through one or more passive or active 

15- intermediary devices. The term "circuit" means either a single component or ' a 
multiplicity of components, either active and/or passive, that are coupled together to 
provide a desired function. The term "signal" means at least one current, voltage, 
charge, temperature, data, or other signal. Referring to the drawings, like numbers 
indicate like parts throughout the views. 

20 Briefly stated, the invention is related to a method and apjparatus for 

system offset calibration using an overranging ADC. The overranging ADC is , 
configured to convert an analog signar into an intermediary digital signal. The 
conversion range of the overranging ADC is extended beyond the fiill dynamic range of 
the ADC system. The intermediary digital signal has more bits than the digital output 

25 signal. A digital fine offset adjustment circuit is configured to provide the digital output 
signal by. digitally subtracting a fine offset fi-om the intermediary digital signal and 
decoding the intermediary digital signal. The digital output signal has approximately no 
offset, and has approximately no loss in dynamic range. 
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System Overview \ 

Figure 3 is a schematic illustration of an example embodiment of an 
ADC system (300) that is arranged in accordance with aspects of the present invention. 
System 300 includes an analog signal processing block (350) and a digital control block 
5 (360). Analog signal processing block 350 includes coarse adjustment circuit 302 and 
' overranging ADC circuit 306. Digital control block 360 includes coarse offset 
. calibration circuit 304 and digital fine offset adjustment circuit 308. According to one 
example, coarse adjustment circuit 302 includes summer block 310, coarse DAC block 
312, and programrnable gain amplifier (PGA) block 314. 
10 Overranging ADC circuit 3Q6 has im input that is coupled to node N320 

and an output that is coupled to node N3 22. Digital fine offset adjustment circuit 308 
has an input that is coupled to node N322 and an output that is coupled to node N332. 
Coarse offset calibi-ation circuit 304 has an input that is coupled to node N322 and an 
\' ' output that is coupled to node N326. Sunrimer block 310 has a first input that is coupled 
15 to node N330, a second input that is coupled to node N342, and an output that is 
coupled to node N340. Coarse DAC block 312 has an input that is coupled to node 
. N326 and an output that is coupled to node N342. PGA block 314 has an input that is 
coupled to node N340 ahd an output that is coupled to node N32 

Operation of Coarse Adjustment Circuit 

20 ■ In operation, an analog input signal (IN) is applied at node N330. 

Coarse adjustment circuit 302 is configured to provide coarse offset and gain 
adjustment on signal IN to provide an analog intermediary signal (A_in) at node N320. 
Coarse adjustment circuit 302 is arranged (e.g., via coarse DAC block 312) to roughly 
■ adjust the offset of signal IN such that an offset calibration range is maintained. Coarse 
25 . adjustment circuit 302 is further arranged to adjust signal gain (e.g., via PGA block 
314) such that the full dynamic range (FDR) of system 300 is utilized. Coarse 
adjustment circuit 302 is responsive to a coarse adjustment control signal 
• (DAC_control) at node N326. 

According to one embodiment, coarse adjustment circuit 302 is arranged 

t 

30 to operate as follows. Coarse DAG block 312 is arranged to convert signal 

■ ■ ■ ■ ■ 4 ■ 



DAC_control4nto an analog signal that is provided at node N342. Summer block 31 0 is 
configured to provide a signal at node N340 in response to signal IN and the signal at 
node N342. Summer circuit 310 is arranged to provide the signal at node N340 such 
that the voltage at node N340 corresponds to the sum of the voltages at node N330 and 
5 N342. PGA block 314 is configured to amplify or attenuate the signal at node N340 to 
provide signal A in at node N32G. 

Operation of Overranging ADC 

Overranging ADC 306 is arranged to convert A An into an intermediary 
digital signal (D out), where D out is provided at node N322. Overranging ADC 306 

10 may be implemented by a variety of different architectures, including' a pipeline analog- 
to-digital conversion architecture, and a flash aiialog-to-digital conversion architecture. 
The output range of overranging ADC 306 extends beyond , the full dynamic range 
(FDR) of system 300. 

Figure 4 is a graphic illustration for an output range of an example 

15 embodiment. of an overranging ADC that is arranged in accordance with aspects of the 
present invention. ' 

The full dynamic range (FDR) of systerii 300 extends from a first digital 
level (404) to a second digital level (406). Digital level 404 corresponds to a lower 
bound analog input voltage (e.g., Vneg). Digital level 406 corresponds to an upper 

20 bound analog input voltage (e.g., Vpos). The output range of overranging ADC 306 
extends from a third digital level (402) to a fourth digital level (408). Digital level 402 
corresponds to a system lower bound analog input voltage (e.g. Vlq)- Digital level 408 
corresponds to a system upper bound analog input voltage (e.g. Vhi), where level 402 is 
less than level 404 relative to level 406, and level 408 is greater than level 406 relative 

25 to level 402. The output range of overranging ADC 306 includes the full dynamic 
range (FDR), a lower overrange from 402 to 404, and an upper overrange fi-om 406 to 
. 408. Part of signal D out will be included in the lower overrange, when the systeni 
offset is negative as illustrated by range 1 . Part of signal D out will be included in the 
upper overrange when the system offset is positive as illustrated by range 2 
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Figure 5 is a graphic illustration for an output rang^ 
embodiment of an overranging ADC that is arranged iri accordance with aspects of the , 
present invention. According to the example illustrated in Figure 5, Vlo corresponds to 
-5/4 V, Vneg corresponds to -IV, Vpos corresponds to 1 V, and Vhi corresponds to 5/4 
5 V, and the full dynamic range (FDR) of system 300 corresponds to 10 bits. The 
conversion range of overranging ADC 306 corresponds to 10.25 bits, where the 
overrange on each side is 1/8 of the full dynamic range (FDR). The 10-bit output range 
of system 300 extends from a digital code of 0 at level 404 to a digital code of 1023 
(2'°-.l) at level 406. the 10.25-bit conversion range of overranging ADC 306 extends 
10 &6m a digital code of 0 at level 402 to a digital code of 1279 (2' -+2*2-1) at levei 408. 
For this example, an mput voltage of Vneg results in a digital output code of 128, while 
an input voltage of Vpps results in a digital output code of 1151? Although Figure 5 
illustrates specific values (ranges and output codes), many other embodiments are 
considered within the scope of the present invention. 

15 Operation of Digital Control Block 

Coarse offset calibration circuit 304 includes feedback logic for 
adjusting coarse DAC block 312. Coarse offset calibration circuit 304 is arranged to ; 
provide signal DAC control at node N3 26 in response to signal p_out. , 

Signal D^out corresponds to a conversion code that is associated with 
20 the simi of the refereri'ce signal and the system offset during a calibration phase. Digital " 
fine offset adjustment circuit 308 is' configured to store a value (the fine offset) that is 
associated with signal D_out during the calibration phase., 

Digital fine offset adjustment circuit 308 is fiirtlier configured to digitally 
' • subtract the fine offset from signal D out. Digital fine offset adjustment circuit 308 is 
25 further configured to decode signal D out such that signal ADC QUT corresponds to 
" -the correct digital code corresponding to the full dynamic range. For the example 
shown in Figur^e 5, signal D o ut is decoded such that Vneg corresponds to a digital code 
of 0 rather than 128, and Vpos corresponds to a digital code of 1023 rather than 1151. 
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Overrangine ADC Examples 

Overranging ADC 306 may be implemented via pipeline analog-to- 
, digital conversion, flash, analbg-tordigital-conversion, or other methods of analog-to- 
digital conversion. 

5 Figure 6 is an illustration an example embodiment of an overranging 

ADC (600) that is arranged for operation in the ADC system of Figure 3. Overranging 
ADC 600 includes stage 1 (610), a plurality of subsequent stages (612), and a digital 
correction circuit (602). According to one example, overranging ADC 600 is a 10.25 
bit overranging ADC,, where stage 1 (610) is a 3.5 bit stage and each of the subsequent 

10 stages (612) is a L5 bit stage. According to this example, stage 1 includes a 3.5 bit 
flash ADC (620) and a 3.5 bit MDAC (622). 

Stage 1 provides a digital signal (DOUTl) aiid a residue signal 
(Residue!) in response to ah intermediate analog signal (VIN). Each of the subsequent 
stages (612) provides another digital signal in response to the residue signal from the 

15 . previous phase. Digital correction circuit 602 provides a digital intermediary digital 
signal (D out) in response to the digital signal from each of the stages (610 and 612) 
and the residue sijgnal (Residue9) of the last stage. 

Figure 7 is an illusfration of an example embodiment oif a 3.5 bit ADC 
(620) that is arranged for operation in the ADC system. ADC 620 includes a reference 

20 voltage generator circuit (7 1 0), eight comparators (720-727), and a decoder block (730). 
Reference voltage generator circuit 710 is configured to provide eight reference 
Voltages. According to one example, the eight reference voltages correspond to 7/8 * 
■' Ypos, 5/8 * Vpos, 3/8.* Vpos, 1/8 * Vpos, -1/8 * Vpos, -3/8 * Vpos, -5/8 * Vpos, and -7/8 
* Vpos- The comparators (720-727) are configured to compare signal VIN to each of 

25 the eight reference voltages. The eight reference voltages provide 9 voltage ranges. 
Decoder block 730 is configured to provide signal DOUTl- in response outputs of the 
comparators (720-727). Signal DOUTl has a four-bit code that corresponds to the 
voltage range that signal VIN is within. Example digital codes and their associated 
voltage ranges are illustrated in Figure 9. 
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Figure 8A is an illustration of ah example embodiment of an MDAC 
(622) that is configured for operation in the ADC system of Figure 3. MDAC 622 is a 
fully differential implementation. MDAC 622 includes eight sampling capacitors (Cl- 
C8) (four on each signal path) and two feedback capacitors (CFl and CF2) (one for 
5 each feedback path) that are arranged to operate with a fully differential operational 
transconductance amplifier such that a 3.5-bit conversion resolution is achieved. 

Figure 8B is an illustration the example embodiment of MDAC 622 of 
Figure SA during a sampling phase (Qs), The intermediate analog sijgrial (VIN^INP- 
INN) is sampled on the samplirig capacitors (CI -G8) during the sampling phase (Qs). 
10 The top plate of each of the capacitors is coupled to a commoti inpde level (CML). The 
bottom plate of each of the capacitors C1-C4 is coupled to signal INP, and the bottom 
place of each of the capacitors C5-C8 is coupled to signal TSTN, The feedback 
capacitors (CFl, CF2) are discharged. ADC 620 is configured to convert the 
,■ ; intermediate analog signal (INP-INN) to a corresponding digital, code at the end of the 
15 samphng phase (Qs). 

Figure 8C is an illustration of the example embodiment of MD AC 622 of 
, ; Figure 8A during a holding phase (Qh)-. During the holding phase (Qh), MDAC 622 is 
arrangisd in a negative feedback configuration. MDAC 622 is arranged such that 
charges sjimpled on the sampling capacitors, (C1-G8) are transferred to the feedback 
20 capacitors (CFl, CF2) during the holding phase . (Qh). The residue . voltage 
, (residiielr?OUTP-OOTN) is scaled by the capacitance ratios. For example, MDAC 622. 
is configured to amplify the intermediate analog signal (INP-INN) by a transfer gain of 
four when each of the capacitors (C1-C8, CF1-CF2) has approximately the same 
capacitance rating. The gain factor may be adjusting by adjusting the capacitance of the 
25- capacitors (CI -G8, CFl. CF2). 

The bottom plate of each of the sampling capacitors (CI -C8) is coupled 
. to receive a reference voltage (VREFl-VREFS respectively). Digital correction circuit 
602 (see Figure 6) is. configured to adjust the reference voltages (VREFl-VREFS) in 
respoiise to signal DOUTL The reference voltages (VREF1-VREF8) are determined by 
30 . signal DOUTl. Example reference voltages are illustrated by Figure 9. ' 



Figure 9 is a tabular illustration of values of reference voltages that are 
utilized by the example embodiment of an MDAC (622) of Figure 8A. The value of 
each of the reference voltages (VREFi-VREFS) depends on the digital code (DOUTl). 
The reference voltages (VREFl-VREFS) for, each digital code are selected such that 
5 residue voltage (OUTP-OUTN) is shifted by an appropriate arnount to prevent 
saturation in the conversion process. Shifting the residue voltage makes it possible to 
convert an input voltage that is in the lower or upper overrange. For this example, 
VREFl through VREF4 are. -.5 * Vpos and VREF5 through VREF8 are .5 * Vpps- 
Accordingly, the residue voltage (Vqut) corresponds to 4 VIN+4*Vpos/ 

10 By shifting the residue into the FDR, the pipeline converter (600) can 

successfully convert input signals that are normally outside of the full-scale conversion 
■ range. Digital correction algorithms can be employed to correct the intermediate digital 
code(D_out). , ' V 

Figure 10 is a graphical illustration of a residue curve for an example 

15 embodiment of an MDAC (622) that is configured for operation in the ADC system of 
Figure 3. The codes from 0 to 128 correspond to the lower overrange, the codes from 
1 28 to 1 1 5 1 correspond to the FDR, and the codes from 1 15 1 to 1 279 correspond to the 
upper overrange. The portion of the residue curve that occurs in the lower and upper 
overranges is indicated with dotted lines in Figure 10. . ■ ; 

20 Many alternative, embodiments of overraiiging A 

scope of the invention. For example, the first stage may be a 2.5-bit stage, , or some 
other number of bits. Also, other means may be used to provide the overrange. For 
exaniple, a reference extending circuit may be used to extend the range of overranging 
ADC 306 with a wider reference signal to include lower arid upper overranges, as 

25 described with regard to FIG. 1 1 below. 

, ^ Figure 1 1 illustrates another exaniple embodiment of an overranging 

ADC (306) that is arranged for operation the ADC system (300) of Figiire 3. The 
example embodiment of overranging ADC 306 that is illustrated iii FIG. 1 1 includeis a 
flash^type ADC (1110) and a. reference extending circuit (1120), Reference extending 

30 circuit 1 120 is configured to provide local reference signals (Vhj and Vlo) in response 
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to the first reference signal (Vneg) and the second reference signal (Vpos)- Signal Vhi 
has a voltage that is greater than Vpos, and signal Vlq has a voltage that is less than 
Vneg- Vhi and Vlo are provided as reference signal to the flash-type ADC (1110) such 
that the dynamic range of the flash-type ADC (1110) is extended: beyond the normal 

5 reference range (i.e., Vpos and Vneg)- 

^ Digital fine offset adjustment circuit 308 is configured to provide signal 
ADC^out with N bits of resolution. Flash ADC 1110 has a conversion range from Vlo 
, to Vhi- Flash ADC 1 110 is configured to convert signal A_in to signal Dout with N+X 
bits of resolution, where X is greater than 0. X corresponds to the additional resolution 
10 bits that are associated with the overraiiging operation of the flash-type ADC (11 10). 

The above specification, examples and data provide a complete 
. description of the manufacture and use of the cornpdsition of the invention. Since many 
embodiments of the invention can be made without departirig fi-pni the spirit and scope 
of the invention, the invention resides in the claims hereinafter appended: 



